Abstract: Imaging three-dimensional structures represents a major challenge for conventional microscopies. Here we describe a Spatial Light Modulator (SLM) microscope that can simultaneously address and image multiple targets in three dimensions. A wavefront coding element and computational image processing enables extended depth-of-field imaging. High-resolution, multi-site three-dimensional targeting and sensing is demonstrated in both transparent and scattering media over a depth range of 300-1,000 microns.
Introduction
The natural world is fundamentally three dimensional. This simple fact has long presented difficulties for conventional high numerical aperture (NA) imaging systems, where the axial depth of focus scales as 2 
NA
 . Large NA systems are necessary in a variety of imaging and optical sensing applications, especially when signals are weak or spatially interspersed. The collection efficiency scales with 2 NA , and the focal volume is proportional to 3 NA  . As a result, when using high NA optics to image volumes, it has been necessary to acquire data sequentially, which limits the speed of imaging and the ability to image multiple sites across the volume with true simultaneity. This is especially problematic when one wants to image in complex systems that exhibit distinct temporal dynamics at each point in space, such as imaging the activity of neurons in complete neural circuits -if possible simultaneously [1] .
One possible solution for large aperture volume imaging is wavefront coding. This method has been well understood for more than a decade [2] . Wavefront coding introduces a known, strong optical aberration that dominates all other aberration terms, like defocus, over an extended Depth of Field (DOF). Under this imaging paradigm, the point-spread-function (PSF) is essentially invariant over a long distance, and straightforward computational tools can be used to recover image information over the entire extended DOF. The penalty for this extension is reduced peak signal intensity for objects in the nominal focal plane of the system -but with a much slower falloff in intensity with defocus than traditional imaging systems. Although wavefront coded, extended DOF systems have been successfully demonstrated, they have had limited penetration into the microscopy community. As applied to fluorescence microscopy, the principle limitations are that many real samples are complex structures with many axially overlapping features and can have a lack of inherent contrast without strong axial sectioning. These effects combine to yield raw images that are too muddled for effective disambiguation of objects, and the computational recovery of individual features becomes very difficult.
To overcome these problems, we take advantage of the optical flexibility of microscopy based on Spatial Light Modulation (SLM) [3] and demonstrate an optical system which can image fluorescence from multiple sites in three dimensions. This system consists of a wavefront coded imaging system coupled to a SLM-based illumination system. We use multiphoton excitation to generate a deterministic ensemble of spatially distinct signal sources and image all of these sites simultaneously. In this configuration, contrary to prior bright-field extended DOF techniques, any ambiguity arising from imaging unknown objects with extended axial features can now be fully accounted for with the a priori information imprinted on the system through the user defined SLM target locations. This paper is arranged as follows. In Section 2, we review the use of engineered Point Spread Functions for Extended Depth-of-Field Imaging and discuss the relevance to our system. In Section 3, we review the use of Spatial Light Modulator (SLM) microscopes for specific and deterministic illumination of the sample. In Section 4, we introduce our joint experimental implementation of these two methods. In Section 5, we demonstrate 3D fluorescence imaging results in both transparent and scattering phantoms using this microscope. In Section 6, we discuss the implications of these results and identify areas for application-specific improvements of the method. In Section 7, we summarize these results and present our conclusions.
Extended depth-of-field imaging using engineered point spread functions
Conventional microscopes image a single plane and thus cannot accommodate threedimensional microscopy without the use of mechanical movement to sequentially scan the volume [4] [5] [6] [7] . Classically, this planar imaging condition is defined as having a DOF,
where only a single slice of this thickness can be sampled with high contrast in the object volume. If a single point-scanned illumination beam and single pixel detector modality is used (e.g. galvanometer or AOD scanned laser beam and photomultiplier tube) one can record from multiple sites and planes, but only serially. Sequential scanning of targets is still required, and despite sophisticated scanning systems, these systems cannot monitor multiple points with true simultaneity [8] [9] [10] [11] . One technique that helps alleviate this limitation is to rely upon task-based approaches to imaging and leverage joint optical-digital design strategies that can be used to selectively enhance defocus-related performance through engineering of the optical Point Spread Function (PSF) [2, [12] [13] [14] [15] [16] . For the particular case of extending the imaging DOF, the enhancement is gained by sacrificing the tightly-focused, symmetric spot traditionally chosen for optimal imaging of a single axial plane with high contrast, in favor of a highly aberrated PSF. By design, this aberrated PSF must overwhelm the aberrative effects of defocus over an extended axial range. After image acquisition, fast digital image restoration techniques (e.g. deconvolution) can be applied for estimating the original object free of these fixed optical aberrations. With such systems, the fall-off in intensity with defocus is much smaller and smoother than in a classical system thereby allowing multiple planes to be imaged simultaneously with similar fidelity. As a consequence, in properly engineered wavefront coding systems the nominally out-of-focus regions can now be imaged with higher SNR than traditionally available.
We selected the Cubic-phase (CP) mask from many known families of suitable engineered PSF designs because it is simple and well characterized. The mask modulates only the phase, not the amplitude (i.e. transparent), and can therefore maintain the full NA and photonthroughput of the imaging system, critical for photon starved applications, like fluorescence microscopy. It is also associated with an optical Modulation-Transfer-Function (MTF) which does not contain zeros allowing for a simple deconvolution to recover the original image [2] . The CP mask is implemented by placing a phase modulation of,
in the pupil plane of the imaging system, where u 2 , v 2 are the normalized transverse coordinates of the imaging pupil plane and α is the coefficient that determines the trade-off of depth of field extension versus image contrast [2, 17] . A simulated example demonstrating the defocus stability of the CP PSF relative to the conventional PSF is presented in Fig. 1 . Defocus is parameterized as,
in the paraxial approximation and assumes dz is much smaller than the lens focal length, f, where λ is the wavelength for the optical signal, NA is the numerical aperture of the objective, n is the refractive index in the object space and dz is the axial dislocation relative to the focal plane and the scalar value
is the number of waves of defocus present at the edge of the microscope pupil. Fig. 1 . Simulated pupil phase as a function of defocus for the conventional imaging microscope is shown in panels A (in focus), and E (out of focus) with the associated PSF in panels B (in focus) and F (out of focus), respectively. The pupil functions are color coded to represent the phase delay present at the pupil. The PSFs are color coded and scaled to be normalized to the in-focus conventional PSF. The representative pupil phase as a function of defocus for the extended DOF microscope is given in panels C (in focus) and G (out of focus) with the associated PSF in panels D and H, respectively. The cubic phase coefficient, α, is set to 5. The range of defocus shown in Media 1 highlights the range of defocus values (|Ψ| < 10) where a dominant peak is qualitatively observed in the cubic phase PSF even though the sidelobe structure begins to break down, as seen in panel H at |Ψ| = 5 (Media 1).
For the purposes of this report, the localization of light into a clear dominant feature (i.e. the main/central lobe of the PSF) is critically important for both increasing the density of possible targets (if no signal post-processing is used) as well as providing a sufficient SNR for increased usable axial range. Therefore comparison in this study of the CP-PSF in this extended DOF system against a conventional microscope is frequently made on the basis of how efficiently each system localizes light relative to the in-focus PSF. The free variables when designing such a system are typically the maximum defocus to accommodate and the magnitude of the cubic-phase coefficient to use. The effect of defocus and cubic-phase modulation on the main lobe of the PSF is characterized in Fig. 2 (A). As α is increased, the size of the main lobe increases relative to the Airy disk found in conventional microscopes as shown in Fig. 2(B) . However, as verified in Fig. 2 (A) there is now a dramatic decrease in the spread of the signal as a function of defocus. A rule-of-thumb ratio can be provided from Fig.  2 (A) where an extended DOF image can be acquired throughout a maximum defocus range of Ψ wave by using a cubic-phase coefficient of α |Ψ|/2. The relative intensity of the CP-PSF compared to the performance of a conventional microscope shows a significant increase in the localization of signal at large defocus if sufficient α is applied, as shown in Fig. 2 (C) -motivating our use of extended DOF techniques. Fig. 2 . Simulated performance trade-offs of the Cubic-phase extended Depth of Field (EDOF) imaging system relative to the conventional microscope (abbreviated here as conv.). The relative intensity of the dominant peak in the PSF is mapped out as a function of both defocus (Ψ) and cubic-phase modulation (α) in Panel A showing that the cubic phase mask decreases attenuation with defocus. The relative width of the dominant lobe in the Cubic-phase PSF is shown in Panel B when compared with the in-focus conventional PSF, where σ is the width of a Gaussian fit to the PSF. The width of the dominant peak is shown to increase with a greater cubic-modulation coefficient. The relative intensity of the dominant lobe of the cubic-phase PSF compared with the conventional PSF with the same defocus is shown in Panel C. This shows that the uniformity of the cubic-phase PSF dominant lobe intensity indicated in Panel A will rapidly provide better out-of-focus signal localization when compared with the conventional imaging system.
Spatial Light Modulator microscopy for three-dimensional targeting
Spatial Light Modulator (SLM) microscopy is a method that allows for simultaneous dynamic illumination of multiple sites in the sample [3] . The illumination pattern can be tailored specifically to the particular sample, and could even be controlled via feedback from information present in the acquired image. In addition, the SLM can be used to correct for any defects that result from non-ideal optics and samples (e.g. variation in targeting density, aberration correction, temporal sequencing of targets, etc.). Prior work has demonstrated the importance of SLMs in microscopy for system and sample aberration correction in laser scanning microscopies as applied to biology [19] , and to focus light deep inside scattering material [20] . In neuroscience SLMs have been used to image soma from large ensembles of neurons [3] or to photostimulate both neurons and their processes [21] [22] [23] .
SLM microscopy is an ideal complement for an extended DOF imaging system in microscopy because together they supersede key limitations of traditional laser microscopy: photodamage, serial scanning, two dimensionality, and inability to use prior information. A critical feature of the SLM microscope is that, contrary to prior bright-field extended DOF techniques, a priori information is known from the user selectable SLM target locations. Additionally, the use of SLM microscopy can accommodate both single-photon and multiphoton illumination sources [3, [21] [22] [23] ] -the latter of which allows for increasing the penetration depth in scattering media and inherent axial sectioning [24] . Finally, SLMs can also be used to compensate for sample inhomogeneities, aberrations, and scattering [19, 20] .
To generate multiple foci, the SLM is imaged to the microscope pupil and provides both prism and lens phase for full three-dimensional control of the light within the object space. To create the SLM pattern illuminating point
where j is the index for each of N total targets, the phase
11( , ; )
is loaded to the SLM in coordinate frame u 1 , v 1 , of the microscope illumination pupil. To account for possible rotations, shifts and other forms of misalignment, a calibration is explicitly included in Eq. (4), where the exact, position-dependent transformations
relate the coordinates of the SLM to the imaging detector. The axially-dependent phase component is expanded into Zernike polynomials to offset the effects of higher-order spherical aberration [25] . Details of this procedure are provided in Appendix I. Illuminations patterns for the ensemble of targets can be calculated using,
The intensity pattern near the focal plane of the objective is then found from,
where F is the Fourier transform operator. When using multiplexed targeting, an area detector (e.g. CCD) capable of imaging is required to disambiguate the signal spatially, unlike the point detectors typically used in serial sequential scanning microscopes. Because all targets are simultaneously illuminated, the overall temporal resolution of the optical signal will be limited only by the frame-rate of the camera necessary for adequate SNR, with all targets collected in parallel, for any number of targets. In contrast, with single point scanning, the overall sample rate is dictated by the minimum dwell-time for collecting appreciable signal times number of targets. Note that in the limit of this minimum dwell time, SLM microscopy will be simultaneously imaging multiple targets offering a distinct advantage over point-scanning.
Experimental procedure
A joint SLM and extended DOF microscope is described in the following. In Section 4.1, the optical layout is introduced and discussed. In Section 4.2, calibration methods for the microscope are presented. 
System layout
For clarity, the optical system can be conceptualized as two separate components: a) the illumination/targeting path and b) the imaging path. In the current design both a) and b) share a common microscope objective. This geometry is advantageous because it requires only addon units to a traditional microscope, and can even be used for biological in vitro and in vivo biological imaging. The complete optical system layout is presented in Fig. 3(A) . The illumination path begins with the two-photon light source (LS1: Coherent Chameleon Ultra II), passes through a Pockels cell (PC1: Conoptics, Model 350-160) for fast control of the illumination intensity; followed by a telescope (L1: f 1 = 50mm, L2: f 2 = 150mm), a pair of dielectric mirrors for steering (M1 and M2), and is then redirected up a periscope (P1) and redirected (M3) through another telescope (L3: f 3 = 50mm, L4: f 4 = 100mm). The two telescopes served to expand the beam by a factor of six before illuminating the SLM (SLM: Holoeye, HEO1080p). An iris (not shown) is placed in front of the SLM to ensure that the no light strikes inactive regions of the SLM back-plane. The SLM is subsequently demagnified by 2.5x with the next telescope (L5: f 5 = 250mm, L6: f 6 = 100mm), with the undiffracted zero-order blocked (DCB), before being projected onto a pair of close-coupled X/Y galvonometric scanning mirrors (GM1). These mirrors center the beam through the scanning lens (L7: f 7 = 50mm) of an Olympus BX-51 microscope. The beam is then reflected off a dichroic mirror (DCM: Chroma NIR-XR-RPC, reflects @ 700-1100nm) into the tube lens (L8: f 8 = 180mm) and towards the microscope objective (OBJ: Olympus UMPLFLN 10x/0.3NA). The telescope distances are such that the SLM is conjugate to the microscope pupil. Here, the use of this relatively low NA objective will demonstrate one limiting case for the maximum useable axial extent of imaging the object space. The imaging path uses OBJ to image the optical signal from the targets in the sample (SMP) onto the intermediate image plane located after the tube lens (L8) towards the camera (DET: Andor iXon Ultra2) using a 1:1 imaging relay (L9 and L10, f 9 = f 10 = 150mm). The relay is used to reimage the microscope pupil onto an accessible location where it can be manipulated independently from the illumination pupil. The CP wavefront coding mask (PM) is place one focal length behind L9 and one focal length in front of L10 along with a bandpass filter (CF1: Chroma, 510/40M). A short-pass filter (SPF: Chroma, HQ700SP-2P8 of OD6 @ λ  700nm) is placed in front of the detector to reject scattered and reflected light from the laser source. The PM itself is an 8-level phase mask etched into a quartz substrate (Chemglass Life Sciences, CGQ-0600-01) using conventional, multi-level lithographic techniques [27] . Note that with this imaging configuration, the effective α of the existing CP mask can be modulated by the selection of the focal lengths of the L9 and L10 lenses.
Mask design and total system calibration
The design of the cubic phase mask for the SLM microscope consists only of finding the suitable strength of the coefficient α to match the desired extended axial range and the required MTF [2, 17] . We designed our CP phase mask to work across both high and low NA objectives with a single instance of α. The choice of coefficient α = 200 (in a normalized coordinate system) for a phase mask of diameter Ø = 18mm was determined by simulation of the system, and approximately matching the desired performance of increasing the DOF a minimum of 20x. The size and strength of the phase mask was designed to accommodate a large number of objective designs (including Olympus, XLUMPLFL 20x/0.95WNA, Ø = 17.1mm, XLPLAN N 25x/1.05WNA, Ø = 15.1mm and Olympus, UMPLFLN 10x/0.3WNA). When used with the relatively low NA Olympus UMPLFLN 10x/0.3NA, the objective"s pupil apodizes the light such that the effective parameters of the phase mask are Ø = 9 mm and α = 25. In our current microscope the cubic phase mask, not the SLM, is the defocus-range limiting device.
For efficient illumination, we quantified the wavelength dependence of the phase modulation provided by the liquid crystal SLM, and characterized and corrected the effects of optical misalignment. To optimize SLM operation at λ = 760nm (i.e. to create a look-up table optimized to resolve a 2π phase stroke at λ = 760nm), calibration of applied voltage versus relative phase delay for the pixels in the SLM was performed by loading a Ronchi grating, varying the modulation depth and finding the associated diffraction efficiency [28] . Afterwards, centering of the SLM pattern to the optical axis was accomplished by scanning a phase grating that only filled a small portion of the full active area across the SLM in orthogonal directions and selecting the locations with peak diffraction efficiency into the 1st order. These searches gradually reduce in transverse scan length until a precise estimate of the optical axis, relative to the SLM, can be made.
For SLM pupil plane to object space calibration we first experimentally calibrated and corrected the axial displacement of the light beam when applying phase lenses to the SLM (see Appendix I for details and comparison with theoretical results). Then the appropriate affine transform matrix (i.e. the characterization of the transverse dimension) was estimated at varying depths by projecting a 2D array of points into object space. From these an axially dependent affine transform matrix was defined. As a result of these calibration steps, the imaging 3D PSF can be sampled for both the conventional optical imaging system and for the extended DOF optical system by illuminating a single point into bulk fluorescent material and shifting this point axially using the SLM for defocus as shown in Fig. 3(C) and 3(D) , respectively.
Experimental results
Experimental results are reported for the case of three-dimensional targeting and imaging in transparent (Section 5.1) and scattering media (Section 5.2). 
Three dimensional targeting and imaging for monitoring fluorescence in transparent samples
A demonstration of the system capabilities is given by illuminating a uniformly fluorescent sample made of a fluorescent dye dissolved in an agarose (3.5 grams of 1% agarose by weight in double-distilled deionized H 2 O loaded with yellow dye from a Sharpie Highlighter pen). A three-dimensional illumination pattern is projected 600µm below the cover-slip/agarose interface. The illumination pattern consists of two large features constructed from an ensemble of point targets. The north-west feature is a happy-face and the south-east feature is an unhappy-face, shown in Fig. 4(A) . With the CP mask placed in the optical imaging path, the image is aberrated as shown in Fig. 4(B) . Using Wiener deconvolution, the intermediate, aberrated raw image can be processed to return an estimate of the target (Fig. 4(C) ) that rivals the conventional image in quality. To demonstrate the three-dimensional targeting and imaging capabilities of this microscope, the south-east feature is translated axially 500µm  δz  + 500µm from the classical focal plane (defined as 0 dz  ) in 4µm intervals while the north-west feature is held fixed in the focal plane (600μm below the surface of the media), as shown in Fig. 5(A) (movie available online). The results from a conventional imaging microscope are presented in Fig. 5(B) . It is easy to observe the traditional barrier of observation which is present in SLM microscopy -indeed all traditional imaging-based microscopy techniques -where a rapid loss of imaging performance occurs as the illumination translates beyond the narrow focal plane. In contrast, the restored image from the extended DOF microscope is presented in Fig. 5(C) , which shows a relative increase in the out-of-focus signal and tightly localized points regardless of axial location. This increase is quantified in Fig. 5(D) and includes the loss of illumination intensity as the target spot is shifted from the focal plane. For reference, the relative intensity of only the central lobe of the CP-PSF compared with the in-focus clear aperture PSF is 9.8%. We limited the range of |δz| to 500μm, as this was found to be the experimental limit after which the restored image was observed to be degraded because of the differences between the axially displaced CP-PSF from that of the ideal, in-focus CP-PSF used as the kernel in the restoration -as hinted at in the furthest ranges reported in Fig. 5(C) . This example clearly demonstrates that points from multiple planes can now be imaged simultaneously. As the imaging PSF is now essentially axially invariant, the monitored optical signal can be easily found by searching for the associated peak in the restored image and summing the counts in a localized region. The optical signal collected from the spatially multiplexed targets is now captured simultaneously, with near-uniform efficiency regardless of the three-dimensional location -a distinguishing feature of this method. 
Three-dimensional targeting and imaging for monitoring fluorescence in scattering samples
extension in the effective DOF and an increase in useable information. As can be seen experimentally from Fig. 6(D) , the useable depth has increased for shallower axial positions with the extended DOF module. When going deeper in the tissue, the signal loss becomes dominated by scatter and not defocus, and approaches the same relative losses as the conventional microscope. 
Discussion
The three-dimensional imaging microscope described here is built upon the foundation of two independent optical techniques. First, we have temporally and spatially deterministic illumination from a modulating device (e.g. the Spatial Light Modulator), such that emission from the sample is limited to known regions in 3D and time prior to detection or sensing. Second, the optical signal emitted from the illuminated regions is collected using an optically efficient imaging system which produces images of near-equivalent quality regardless of the source emission position in the sample volume (i.e. extended Depth of Field). Taken alone, the three-dimensional illumination strategy requires a solution for efficiently acquiring optical signal from anywhere within the sample volume. Conversely, the extended DOF imaging optics requires a solution for disambiguating the sources of emission so that signal can be assigned to specific locations within the sample volume. The joint implementation of these complementary techniques overcomes each of the individual limitations and creates a complete, flexible solution. Indeed, it is the prior knowledge provided by the user-controlled illumination device that is integral to providing context to the images acquired by the extended Depth of Field microscope. While the experimental demonstration here included a SLM as the source of the structured illumination, alternative methods for projecting patterns such as light-sheet microscopy are equally suited for this fundamental improvement by coupling with the extended Depth of Field microscope. Using simulations (see Fig. 2(A) ), we reported a rule-of-thumb design criteria based upon maintaining a uniform signal within the main lobe of the CP-PSF throughout the spanned axial range, and found this to be α  ½ |Ψ|. We also explored the experimental performance of the system under a more stringent, restoration metric. Here, performance was measured by the ability to accurately restore the original image by deconvolution with a single, invariant kernel based on the in-focus CP-PSF. With this alternate metric, the approximated best performance on restored signals was found experimentally to be α  2 |Ψ|, a design factor of ~4x greater than the less restrictive, conserved lobe signal constraint. The difference between these two results can be reconciled by examination of the movie in Fig. 1 . For example, when |Ψ| = 2α a PSF similar to the CP-PSF -including the single, dominant peak -is indeed observed. However the detailed pattern of the side-lobes is lost at such extreme defocus. Not until |Ψ| < α do the side-lobes begin to regain the detailed form present when the system is focused. As a result, because we used the experimental, in-focus CP-PSF for restoring the images we have become slightly sensitive to this variation in side-lobe quality -a well-known consequence of using imprecise deconvolution kernels in extended DOF imaging [29] . This more restrictive scenario with the objective of image restoration therefore results in the suggestion of α  2 |Ψ|.
Unsurprisingly, the experimental 3D targeting and imaging demonstrated here show that imaging through transparent media (Section 5.1) is more reliable than imaging in scattering media (Section 5.2). However, it must be emphasized even in scattering samples, the method applied here still increases the effective useful collection volume several fold compared to conventional imaging. In applications where fluorescence labeling is sparse (i.e. specifically labeled dyes or the use of genetic encoding) the ratio of fluorescence in the target to that of the background will become much more favorable and this will increase the allowable imaging depth and DOF extension. In addition, for the specific case of working with scattering media, continued work can implement a weighted Gershberg-Saxon (wGS) algorithm [30] for compensating scattering losses by providing an axial-dependent increase in the target illumination intensity. It should be noted that alternative phase mask implementations are available for extended DOF. Examples include the super-position of multiple Fresnel zone plates [13] , Bessel-beams [12] , and other families of beams with extended propagation-invariance [31, 32] . It is possible that for specific tasks (e.g. point targeting versus extended object targeting) an alternative optimal solution may be identified.
Conclusion
We have presented here a method which is free from any mechanical motion to create both a three-dimensional targeting pattern as well as three-dimensional images of the optical signal. The technology enabling this device relies on independent modulation of the transverse phase of the optical beam on both the illumination and imaging side of the microscope, using a spatial light modulator and a phase mask, respectively. The method presented here is amenable to fast imaging and is not restricted to illuminating or imaging the sample in a sequential planar pattern. The microscope was tested and performance verified in both transparent and scattering media. Because it conceptually consists of only "bolt-on" modules to existing microscopes, the technology is open to potential use for in vivo imaging. Therefore we believe this system is unique in providing vibration-free equipment for biological research in a package which does not require a massive redesign of microscopes in 
